Exploring the nucleon's sea quark and gluon structure is a prime objective of a future electron-ion collider (EIC). Many of the key questions require accurate differential semi-inclusive (spin/flavor decomposition, orbital motion) and exclusive (spatial distributions of quarks/gluons) DIS measurements in the region 0.01 < x < 0.3 and Q 2 ∼ few × 10 GeV 2 . Such measurements could ideally be performed with a highluminosity collider of moderate CM energy, s ∼ 10 3 GeV 2 , and relatively symmetric configuration, e.g. Ee/Ep = 5/30-60 GeV. Specific examples are presented, showing the advantages of this setup (angular/energy distribution of final-state particles, large-x coverage) compared to typical high-energy colliders.
distributions, which are probed in exclusive processes. Gluons at x > 0.01, including their substantial density in the region x > 0.1, are another essential -and largely unexplored -part of nucleon structure. They are probed in semi-inclusive production of heavy quarks (open charm etc.), and their spatial distributions are revealed in exclusive J/ψ production.
Semi-inclusive and exclusive measurements require high luminosity (low rates at high p T / high Q 2 , several kinematic dependences) and the capability to analyze the final state (exclusivity, particle ID, momentum resolution). Furthermore, in order to test the partonic reaction mechanism and extract information about nucleon structure it is essential to perform fully differential measurements, in which the kinematic dependences on x and the final-state variables (z and p T in semi-inclusive, t in exclusive DIS) are measured at fixed Q 2 , without correlations between the variables. Realizing such measurements with an EIC poses a major challenge for the accelerator as well as detector and interaction region design.
The EIC designs discussed so far have mostly focused on high CM energies (eRHIC: E e /E p = 10/100-250 GeV [3] , ELIC: E e /E p = 3-7/30-150 GeV [4] ), driven primarily by the desire to reach the saturation regime in eA collisions, and also to extract the polarized gluon density from the Q 2 -dependence of inclusive DIS data. Similar to HERA, the proton energy is 10-20 larger than the electron energy in these collider designs. While the region of interest for sea quarks in nucleon structure, 0.01 < x < 0. is formally within the kinematic coverage, significant restrictions for semi-inclusive and exclusive measurements appear when taking into account detector coverage and resolution. Recent studies show that such measurements can be performed much more efficiently with a collider of lower, more symmetric energies. In this note we summarize two of the pertinent considerations: (a) x-Q 2 coverage and final-state particle energies in semi-inclusive DIS; (b) angular distributions and t-resolution in exclusive processes. The arguments presented here are general and do not assume a specific detector; they are intended to provide guidance for the detector design and eventual more detailed simulations.
Semi-inclusive DIS. Semi-inclusive DIS is an essential tool for the flavor decomposition of the nucleon's polarized valence and sea quark distributions. It is also used to study quark orbital motion and QCD final-state interactions through p T -dependent observables (single-spin asymmetries, etc.) which sit mostly at x > 0.1. Both types of studies require fully differential measurements in x, Q 2 , z (and p T ) in the region 0.01 < x < 0.3. The ability to measure kinematic dependences at fixed Q 2 is particularly important for testing the partonic reaction mechanism (separating leading and higher twist), and to make contact with the fixed-target results for these observables (JLab 12 GeV).
In a high-energy collider, the kinematic reach for DIS measurements at large x is limited by the experimental limits on the y variable, y = Q 2 /(xs) > y min , which implies that large values of x are accessible only at high Q 2 . If the electron variables are used for event reconstruction the resolutions in y and x diverge for y → 0; using methods with hadronic variables [5] y min ≈ 0.005 was reached in inclusive measurements at HERA (see Fig. 2 ), albeit with considerable uncertainties. A medium-energy collider, providing high luminosity over a range of s around ∼ 1000 GeV 2 (e.g., E e /E p = 3-7/30-60 GeV) could cover the region 0.01 < x < 0.3 at Q 2 ∼ few ×10 GeV 2 with comfortable values of y (see Fig. 1a ), enabling precise and fully differential SIDIS measurements at fixed Q 2 . Studies show that e.g. the flavor separation of polarized quark distributions at x > 0.01 can be performed much more efficiently at s ∼ 10 3 GeV 2 than at 10 4 GeV 2 , as the lower CM energy permits measurements at lower Q 2 where the cross sections are larger. Another important issue in SIDIS is particle identification (PID). An advantage of the
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lower CM energy is that final-state particles are produced at lower energies, so that the range where good PID is available, E h = 1-10 GeV, matches the z-range of physical interest, z > 0.1. Energy resolution is likewise improved.
Exclusive processes. Exclusive processes eN → e ′ M N (M = meson, γ, . . .) at Q 2 ∼ few × 10 GeV 2 reveal the transverse spatial distribution of quarks and gluons in the nucleon and its change with x ("nucleon tomography"). It is encoded in the t-dependence of the GPDs, which can be extracted from that of the differential cross sections. In order to resolve interesting details of the quark/gluon spatial distribution, such as the contribution of the pion cloud, accurate measurements in the range |t| ≪ 1 GeV 2 are needed. Measurements of exclusive processes are among the most demanding applications of a future EIC. Besides the need for high luminosity (small cross sections, fully differential measurements), the challenges are to ensure exclusivity of the events and to achieve high resolution in t at small |t|. Both are greatly aided by choosing collider energies appropriate to the x-range in question.
As an example, Fig. 3 shows a simulation of exclusive π + production, ep → e ′ π + n in DIS kinematics, which provides interesting information about the nucleon's partonic structure in the region x > 0.01 (non-diffractive process) and about the pion form factor. It compares the angular distributions of the produced pion and the recoiling neutron for an ep collider with E e /E p = 5/30 GeV and 10/250 GeV. With the lower-energy collider the pions are distributed over a wide angular range and could be detected with a central detector; with the high-energy collider they are kinematically boosted forward and appear under very small angles. Similarly, with the lower-energy collider the recoiling neutron emerges at larger angles (several degrees), allowing for much better t-resolution with an appropriate forward detector. The relation between |t| and θ n at small angles is |t| ≈ E 2 p (θ n − π) 2 , i.e., at the same CM energy, a more symmetric collider with lower proton energy offers much better prospects for good |t|-resolution. Similar conclusions apply to other meson production processes, e.g. exclusive J/ψ production, which maps the transverse spatial distribution of gluons in the nucleon, as well as to deeply-virtual Compton scattering.
A high-luminosity medium-energy EIC for nucleon structure. A design for a high-luminosity medium-energy EIC for nucleon structure measurements is being developed at JLab [6] . This ring-ring collider, which uses the upgraded CEBAF complex for electron acceleration, would operate with energies in the range E e /E p = 3-11/12-60 GeV and can achieve luminosities of up to few × 10 34 cm −2 s −1 over a broad range of CM energies, s = few 100-2600 GeV 2 . The envisaged proton/ion complex uses an SRF linac and a pre-booster ring for acceleration and cooling. The figure-8 design of the electron and proton/ion storage rings (circumference ∼ 600 m) guarantees optimal beam polarization and allows for up to 4 interaction regions. An upgrade to the high-energy ELIC (s ∼ 10 4 GeV 2 , L ∼ 10 35 cm −2 s −1 ) would be possible with larger rings. The medium-energy EIC would offer unprecedented capabilities for exploring the nucleon's sea quark and gluon structure through semi-inclusive and exclusive measurements, and for studying the structure of nuclei with novel shortdistance probes. It supports a physics program distinct from that of the high-energy stage, and would thus add considerably to the overall potential of an EIC.
This note reports about results of collaborative work and discussions with A. Bogacz, Ya. Derbenev, R. Ent, Ch. Hyde, G. Krafft, A. W. Thomas and Y. Zhang. , and angular and |t|-distribution of the recoil n (bottom row), in exclusive production ep → e ′ π + n with two different ep colliders: E e /E p = 5/30 GeV (left column), and 10/250 GeV (right column). A lab angle of 0
• corresponds to the electron, 180
• to the proton direction. Shown are the results of simulations based on a specific model of the exclusive cross section.
